Introduction
============

The chaperone-like protein aSyn[^2^](#FN2){ref-type="fn"} ([@B1], [@B2]) is highly expressed in neurons of the CNS and the peripheral nervous system (PNS) ([@B3], [@B4]). Intraneuronal Lewy bodies, the pathological hallmarks of PD, contain high levels of aggregated aSyn ([@B5]). Although rare PD families have aSyn mutations, multiplications, or expansion of the aSyn Rep1 allele ([@B6][@B7][@B14]), most PD is sporadic and linked to aging; yet aSyn is abundant in all Lewy bodies, which are present in most cases of PD ([@B15]). The typical motor symptoms of PD emerge after an extensive loss of substantia nigra pars compacta dopaminergic neurons ([@B16]); however, the so-called pre-motor symptoms arise years earlier ([@B17][@B18][@B19]). The discovery of pre-motor symptoms offers hope for early PD diagnosis ([@B20], [@B21]), which could be beneficial as successful neuroprotective therapies emerge.

Constipation is a common symptom that can begin up to 20 years before motor onset in PD ([@B22]). In PD, constipation is also frequently present along with slow gut motility and decreased fecal water content ([@B23]), dopaminergic deficits in neurons of the gut ([@B24]), and widespread aSyn pathology (synucleinopathy) in ENS neurons ([@B25]). Identifying treatments that can reduce synucleinopathy could benefit millions worldwide.

We assessed the neuroprotective potential of FTY720 (fingolimod, Gilenya), a sphingosine analog that is Food and Drug Administration-approved for multiple sclerosis ([@B26]). FTY720 is an oral drug that readily crosses the blood-brain barrier ([@B27]). It is rapidly phosphorylated by sphingosine kinase 2 to form FTY720-P, which signals through sphingosine 1 phosphate receptors that are expressed on neurons and glia of the CNS as well as PNS ([@B28]). The drugs\' mode of action includes an ability of FTY720-P to block T-cell egress from lymph nodes, thus preventing T-cell entry to the brain ([@B27]). However, we and others also find that FTY720-mediated neuroprotection occurs in association with its ability to increase BDNF levels *in vitro* and *in vivo* ([@B26], [@B29][@B30][@B36]). This may be associated with the ability of FTY720 to stimulate signaling through Akt, ERK, and CREB, which increases BDNF expression; however, the mechanisms underlying the effects of FTY720 in the gut have not been defined.

Here we measured the impact of oral FTY720 on the gut of young and aging WT littermates and A53T aSyn Tg mice ([@B37][@B38][@B40]). Gut function was assessed behaviorally, and synucleinopathy was evaluated using immunohistochemistry and sequential extraction plus immunoblots. BDNF mRNA and protein were measured using quantitative PCR and immunoblot, respectively, as well as by measuring levels of miR206-3p.

Results
=======

### 

#### Early Onset Synucleinopathy in A53T Gut Reduces Tyrosine Hydroxylase Staining in ENS Catecholaminergic Neurons

Before testing FTY720 effects in A53T mice, we evaluated the onset of aSyn aggregation in Tg gut tissue pretreated with proteinase K, an enzyme that digests soluble proteins while leaving insoluble protein aggregates intact ([@B41]). In WT gut, proteinase K pretreatment eliminated most of the aSyn signal, suggesting that the aSyn was soluble ([Fig. 1](#F1){ref-type="fig"}*A*, *left*). Abundant proteinase K-resistant aSyn immunoreactivity was still present in the gut of A53T Tg 4-month-old mice ([Fig. 1](#F1){ref-type="fig"}*A*, *right*). For confirmation, we performed sequential extraction plus immunoblots of WT and Tg A53T gut tissue, which reconfirmed soluble aSyn in WT gut and abundant insoluble aSyn in Tg gut ([Fig. 1](#F1){ref-type="fig"}*B*). As an additional measure, we also assessed 4-month gut tissue without proteinase K pretreatment to see whether aSyn colocalized with tyrosine hydroxylase (TH), a catecholaminergic neuronal marker. As expected, WT gut had well colocalized aSyn with TH in myenteric plexus neurons, which produced a *yellow* merged signal ([Fig. 1](#F1){ref-type="fig"}*C*, *top row*). In contrast, 4-month Tg gut had strong aSyn signal but weak TH signal, producing little *yellow* signal in the *merged image* ([Fig. 1](#F1){ref-type="fig"}*C*, *middle row*). The use of high magnification confocal microscopy allowed us to verify that TH and aSyn were colocalized in 4-month Tg gut catecholaminergic neurons, as demonstrated by *yellow* merged signal in ENS neurons ([Fig. 1](#F1){ref-type="fig"}*C*, *bottom row*, *arrowheads*). This finding was reminiscent of our earlier discovery, reprinted here with permission, which shows that dopaminergic neurons harboring aggregated aSyn ([Fig. 1](#F1){ref-type="fig"}*D*, *panel 1*, *red staining*, *arrowheads*) have almost no total TH signal ([Fig. 1](#F1){ref-type="fig"}*D*, *panel 2*, *Total-TH*, note "missing *green* cells" at *arrowheads*) although cells were confirmed to be TH neurons using an antibody for TH phosphorylated on serine 19 ([Fig. 1](#F1){ref-type="fig"}*D*, *PSer19*, *panel 3*, *blue staining*, *arrowheads*). The double labeling for aSyn (*red*) and TH PSer19 (*blue*) produced a *purple* merged signal ([Fig. 1](#F1){ref-type="fig"}*D*, *panel 4*, *arrowheads*) ([@B42]). This finding reveals that both CNS and PNS TH^+^ neurons harboring aSyn aggregates may no longer be apparent if only stained for total TH.

![**Proteinase K-resistant aSyn aggregation in ENS and reduced TH signal in 4-month-old A53T Tg gut.** *A*, representative samples of gut tissue from 4-month-old A53T mice show that proteinase K eliminates most aSyn signal (*red*) from WT gut (*left*), whereas abundant proteinase K-resistant aSyn (*red*) remains in Tg gut (*right*), confirming early aSyn aggregation in Tg ENS. *B*, sequential extraction of gut tissue from 4-month-old littermates confirms soluble LMW aSyn in WT gut and abundant insoluble HMW aSyn in the Tg gut *SDS/urea lane. C*, gut tissues without proteinase K treatment show that WT littermates (*top row*) have a well colocalized aSyn (*red*) and TH (*green*) signal that appears *yellow* in the *merged image*. Although Tg gut (*middle row*) has a similar aSyn signal (*red*), there is much less TH (*green*) signal and reduced *merged yellow signal*. At high magnification, Tg gut (*bottom row*) shows that aSyn (*red*) colocalizes with TH (*green*) in ENS neurons (*arrowheads*), producing *yellow merged signal. D*, we previously found that CNS TH neurons with aggregated aSyn (*SYN*, *red*, *arrowheads*) have much less TH signal (*Total-TH*, *green*, *arrowheads*), although cells are intact, as confirmed using an antibody for phosphorylated TH serine 19 (*PSer19*, *blue*, *arrowheads*). Reduced total TH signal made cells look *purple* in the *merged image* (*merge*, *arrowheads*). *RIPA*, radioimmune precipitation assay buffer. Reprinted with permission from Elsevier, obtained via RightsLink Copyright Clearance Center (Alerte, T. N., Akinfolarin, A. A., Friedrich, E. E., Mader, S. A., Hong, C. S., and Perez, R. G. (2008) α-Synuclein aggregation alters tyrosine hydroxylase phosphorylation and immunoreactivity: lessons from viral transduction of knockout mice. *Neurosci. Lett.* **435,** 24--29).](zbc0431653230001){#F1}

#### FTY720 Significantly Improves Gut Function in A53T Tg Mice

Although WT littermate mice never developed synucleinopathy as occurs in Tg littermates ([@B37], [@B40]), the WT mice served as a control to measure the impact of FTY720 in mice that lack parkinsonian features. We first assessed fecal water content in WT littermates and Tg mice at 5 months of age, before beginning treatment. We found that at this age, WT and Tg mice had similar fecal water content (WT, 181.4 ± 6.59 mg; Tg, 178.2 ± 5.24 mg; *p* = 0.6175). WT and Tg mice then were given oral vehicle or FTY720 (0.5 mg/kg) twice weekly for 15 months. Importantly, mice never developed loose stools or diarrhea in response to FTY720 treatment.

To measure constipation, we compared water content in feces and saw that within-group data were similar for all time points evaluated up to 15 months, so data were pooled for each condition ([Fig. 2](#F2){ref-type="fig"}*A*). WT littermate mice given vehicle or FTY720 had similar water content. However, Tg mice treated with vehicle had significantly less water in feces than either WT mice or Tg mice treated with FTY720 ([Fig. 2](#F2){ref-type="fig"}*A*, one-way ANOVA), suggesting that FTY720 may have decreased constipation in Tg mice.

![**Gut function is improved in Tg mice given oral FTY720, whereas FTY720 has little effect on WT mice.** *A*, fecal water content is similar in aged WT mice given vehicle or FTY720, whereas vehicle-treated Tg mice have a significant decrease in fecal water content, compatible with constipation, and FTY720-treated Tg mice have more water in the feces. *B*, WT mice had similar GI transit times when treated with vehicle or FTY720, whereas Tg mice given vehicle showed significant gut slowing, as compared with FTY720-treated Tg mice that had more rapid gut motility than any other group (*n* = 20 mice/treatment group); *ns*, not significant; \*, *p* \< 0.05; \*\*\*, *p* \< 0.001. *Error bars*, S.E.](zbc0431653230002){#F2}

As a more sensitive measure of gut function, we evaluated total gastrointestinal (GI) transit time in WT and Tg A53T mice treated with vehicle or FTY720. This involved measuring the time elapsed before mice eliminated the first red fecal pellet after carmine red gavage (as detailed under "Experimental Procedures"). Similar to water content, WT mice given vehicle or FTY720 had equivalent GI transit times. Tg mice given vehicle, however, had significantly slower GI transit time than WT mice or Tg given FTY720 ([Fig. 2](#F2){ref-type="fig"}*B*, one-way ANOVA). These findings suggest that oral FTY720 significantly improved gut motility in Tg mice and also raised the possibility that FTY720 may have reduced gut synucleinopathy.

To determine whether gut length may have contributed to the above findings, we measured total gut length in age-matched WT and Tg littermate A53T mice (*n* = 6; WT, 46.25 ± 1.15 cm; Tg, 45.75 ± 0.75 cm; *p* = 0.73), which was not different. Because WT mice had no gut dysfunction up to 15 months, further comparisons were made using Tg mice that develop extensive synucleinopathy with age ([@B40]).

#### FTY720 Continues to Improve Gut Function in Old Tg Mice

To evaluate whether the response to FTY720 was sustainable, we measured water content, colonic motility, and total GI transit time in 17--22-month-old Tg mice (*n* = 8 mice/group). Significantly greater fecal water content was seen in Tg mice given FTY720 as compared with Tg mice treated with vehicle ([Fig. 3](#F3){ref-type="fig"}*A*, *t* test, *p* \< 0.001). We also assessed colonic motility, by measuring expulsion of a small glass bead that was gently inserted into the colon in Tg mice (detailed under "Experimental Procedures"). This confirmed that old Tg mice given long term FTY720 had significantly better colonic motility than Tg mice on vehicle ([Fig. 3](#F3){ref-type="fig"}*B*, *t* test, *p* \< 0.05). We also measured total GI transit time, which was significantly better in Tg mice on long term oral FTY720 as compared with Tg mice on vehicle ([Fig. 3](#F3){ref-type="fig"}*C*, *t* test, *p* \< 0.01). Collectively, these findings suggest that long term FTY720 was well tolerated and that mice continue to improve, even at advanced ages. At the end of behavioral experiments, gut tissues were collected and evaluated as described below.

![**Gut function is sustained in aged Tg mice on long term oral FTY720.** In Tg mice at 17--22 months (*A*), FTY720 significantly improves fecal water content. *B*, colonic motility, assessed using the bead expulsion test, shows improved colonic motility after FTY720. *C*, total GI transit time was also significantly better in FTY720-treated Tg mice as compared with vehicle-treated Tg mice (*n* = 8 mice/treatment group); \*, *p* \< 0.05; \*\*, *p* \< 0.01; \*\*\*, *p* \< 0.001. *Error bars*, S.E.](zbc0431653230003){#F3}

#### FTY720 Reduces Synucleinopathy in Aging A53T Tg Gut

Gershon and colleagues ([@B43][@B44][@B45]) have shown that much of the body\'s dopamine lies in the gut, and our laboratory has long studied the relationship between aSyn and TH ([@B40], [@B42], [@B46][@B47][@B49]). Thus, we assessed colons of 17-month-old Tg mice for colocalization of aSyn and TH using immunohistochemistry. At low magnification, FTY720-treated Tg gut retained widespread colocalization, with abundant *yellow* merged aSyn and TH signal ([Fig. 4](#F4){ref-type="fig"}*A*, *top row*), much like our findings in normal gut of 4-month-old WT littermate mice ([Fig. 1](#F1){ref-type="fig"}*C*, *top row*). This contrasted with 17-month-old vehicle-treated Tg mice, which had much less aSyn/TH colocalization ([Fig. 4](#F4){ref-type="fig"}*A*, *white boxes*, *middle row*). When images were enlarged, aSyn/TH colocalization is apparent in TH neurons of the myenteric plexus ([Fig. 4](#F4){ref-type="fig"}*A*, *bottom row*). Reduced aSyn/TH colocalization in vehicle-treated Tg gut was similar to our earlier *in vivo* data for CNS neurons harboring aggregated aSyn ([@B42]), which had very little TH immunoreactivity ([Fig. 1](#F1){ref-type="fig"}*D*, *arrowheads*). These findings suggested that FTY720 was able to reduce synucleinopathy in Tg gut.

![**Reduced aSyn pathology in A53T Tg mice after long term oral FTY720.** *A*, representative whole mounts of Tg colon that were not pretreated with proteinase K are from 17-month-old mice immunostained for aSyn (*red*) and TH (*green*). The *top row* shows low magnification images of FTY720-treated Tg colon stained for aSyn and TH, with abundant colocalized *yellow merged signal*. The *middle row* shows low magnification images of vehicle-treated Tg colon with much less aSyn/TH colocalization (*white boxed areas*). The *bottom row* shows high magnification images of *boxed areas* with *yellow merged signal* (*white circles*), confirming aSyn/TH colocalization in myenteric neurons. *B*, immunostaining of representative colons of 22-month-old Tg mice after 17 months of treatment with FTY720 or vehicle. Fewer proteinase K-resistant aSyn aggregates are present in FTY720-treated Tg colon (*top*), as compared with plentiful proteinase K-resistant aSyn aggregates in vehicle-treated Tg colon (*bottom*). *C*, sequential extraction of representative Tg colons from 21--22-month-old mice treated with vehicle or FTY720 run on a single gel displays abundant HMW aSyn in vehicle Tg mice and much less HMW aSyn in FTY720-treated Tg mice (total aSyn, sc-7011-R C20 antibody, *green signal*). Reprobing of the SDS/urea-insoluble sample for Ser(P)-129 (*PSer129*) aSyn shows abundant insoluble aSyn Ser(P)-129 in vehicle Tg gut as compared with FTY720-treated Tg gut (11A5 antibody, *red signal*). *D*, a representative 85-μm^2^ *black and white* microscopic field of Tg gut immunostained for aSyn Ser(P)-129. Samples were analyzed using ImageJ quantification in age-matched Tg mice for both conditions. The histogram shows quantification of gut Ser(P)-129 particles, which were significantly greater in number in vehicle than in FTY720 Tg gut (*n* = 8 mice/treatment group); \*\*\*\*, *p* \< 0.0001. *RIPA*, radioimmune precipitation assay buffer. *Error bars*, S.E.](zbc0431653230004){#F4}

We next assessed this in colons of vehicle- or FTY720-treated 22-month-old Tg mice that were immunostained for aSyn after pretreating with proteinase K. Fewer aSyn aggregates were present in FTY720-treated Tg gut ([Fig. 4](#F4){ref-type="fig"}*B*, *top*), in contrast to robust aSyn aggregation in vehicle-treated Tg gut ([Fig. 4](#F4){ref-type="fig"}*B*, *bottom*), much like our previous findings in Tg mice ([@B40]).

Further assessment of aSyn aggregation was done with sequential protein extraction of colons from vehicle- and FTY720-treated Tg mice on immunoblots probed for aSyn ([Fig. 4](#F4){ref-type="fig"}*C*) as before ([@B49]). Ponceau staining of the immunoblot before aSyn probing confirmed equivalent protein in all lanes (not shown), similar to [Fig. 6](#F6){ref-type="fig"}*B* (*right*). Vehicle Tg colon had more high molecular weight (HMW) aSyn as compared with FTY720 Tg colon, which had much less HMW aSyn, especially in the SDS/urea-insoluble samples ([Fig. 4](#F4){ref-type="fig"}*C*, *green blot*). When we reprobed SDS/urea samples for aSyn phosphorylated on serine 129 (Ser(P)-129), a species that is abundant in Lewy bodies ([@B50], [@B51]), there was more Ser(P)-129 aSyn in vehicle as compared with FTY720 Tg mice ([Fig. 4](#F4){ref-type="fig"}*C*, compare *left* and *right bands*, *red blot*). We also performed Ser(P)-129 aSyn immunostaining on Tg vehicle and Tg FTY720 gut for quantification, which showed significantly fewer Ser(P)-129 particles/unit area in FTY720-treated Tg mice ([Fig. 4](#F4){ref-type="fig"}*D*; vehicle, 8.5 ± 2.2; FTY720, 1.0 ± 0.26; *t* test, *p* \< 0.0001). This also suggests that long term FTY720 slows aSyn aggregation in neurons of aging Tg mice. We next explored potential mechanisms underlying the FTY720 effects.

#### FTY720 Increases Gut BDNF in Old A53T Tg Mice in Association with miR206-3p Down-regulation

BDNF is well expressed in the gut ([@B52]), which contributes significantly to gut motility ([@B53], [@B54]). We and others have shown previously that FTY720 significantly increases BDNF expression *in vitro* and *in vivo* ([@B26], [@B29][@B30][@B35]). Using immunoblots, we evaluated BDNF protein levels in Tg gut after 17 months of vehicle or FTY720 in 22-month-old mice treated from 5 months of age. We saw significantly more mature BDNF in FTY720 Tg gut as compared with vehicle control ([Fig. 5](#F5){ref-type="fig"}*A*, vehicle, 100 ± 5.8; FTY720, 141 ± 30.2; *t* test, *p* \< 0.5). We were thus somewhat surprised to find that BDNF mRNA levels were similar in both treatment groups of Tg mice (*p* = 0.97, *t* test). To assess how this may have occurred, we next measured levels of regulatory miRNAs in gut.

![**FTY720 stimulates long term increases in BDNF protein in aging Tg mice in association with significantly lower levels of miR206--3p.** *A*, BDNF protein normalized to β-actin on immunoblots confirmed that BDNF was increased in colons of FTY720-treated 21-month-old mice. *B*, the expression of the regulatory microRNA, miR206--3p, was significantly lower in response to FTY720 treatment of aged Tg mice as compared with vehicle Tg mice. The decrease in miR206--3p was further validated in a control experiment with dopaminergic MN9D cells treated with 160 n[m]{.smallcaps} FTY720 for 24 h. (*n* = 8 mice/treatment group); \*, *p* \< 0.05; \*\*\*, *p* \< 0.001. *Error bars*, S.E. for 5*A*, but not for REST 2009 analyses in 5*B*, as explained in Statistical Methods.](zbc0431653230005){#F5}

It is established that miRNAs can regulate BDNF expression *in vivo* and *in vitro* ([@B55]); thus, we screened miRNAs in the colon of aged Tg mice given vehicle or FTY720. We noted a significant decrease in miR206-3p in FTY720-treated Tg gut as compared with vehicle ([Fig. 5](#F5){ref-type="fig"}*B*, *blue box plot*, *p* = 0.045). As an additional control, we measured miR206-3p expression in MN9D dopaminergic neuronal cells after treating them with FTY720, which we previously found increases BDNF levels in these cells ([@B26]). Similarly to Tg gut, MN9D cells also significantly decreased miR206-3p in response to FTY720 treatment ([Fig. 5](#F5){ref-type="fig"}*B*, *red box plot*, *p* = 0.034), suggesting a mechanism whereby FTY720 may have improved gut motility by increasing BDNF levels. To further test the role for BDNF in FTY720-associated changes, we performed the following *in vivo* experiments wherein we blocked the activity of BDNF Trk-B receptors.

#### Trk-B Receptor Inhibition Induces Constipation That Is Reversed by FTY720

Using a TrkB receptor-specific antagonist, ANA-12 ([@B56]), given as described under "Experimental Procedures," we performed the following experiment in littermate A53T mice (*n* = 19) treated from 1 to 4 months of age. Conditions included vehicle, FTY720, ANA-12, or FTY720 + ANA-12. Fecal water content within groups was similar at all times evaluated, so we combined data for assessments performed at 2, 3, and 4 months ([Fig. 6](#F6){ref-type="fig"}). ANA-12 significantly reduced fecal water content as compared with FTY720 alone, while vehicle or FTY720 + ANA-12 mice were not significantly different from mice treated with FTY720 ([Fig. 6](#F6){ref-type="fig"}*A*, one-way ANOVA, *p* \< 0.01). This suggests that Trk-B-associated BDNF signaling may not be the sole factor underlying FTY720-mediated improvement in the gut of A53T Tg mice.

![**ANA-12 inhibition of Trk-B BDNF signaling causes constipation and increases aSyn pathology as well as pro-BDNF and mature BDNF in 4-month-old A53T Tg gut.** *A*, young A53T mice were treated with vehicle alone, FTY720 alone (0.5 mg/kg), ANA-12 alone (0.5 mg/kg), or FTY720+ ANA-12 (0.5 mg/kg of each) for 3 months beginning at 1 month of age. Feces were collected to measure water content as described under "Experimental Procedures." Only ANA-12-treated mice developed constipation in response to a loss of Trk-B signaling, whereas equivalent fecal water content was seen in all other conditions. *B*, *left*, SDS/urea-insoluble aSyn immunoblot of gut from mice treated with vehicle, ANA-12, FTY720 + ANA-12, and FTY720. The most abundant HMW aSyn is seen in the colon of ANA-12 Tg mice, some but less in vehicle and FTY720 + ANA-12 treatments, and very little insoluble aSyn in Tg colon after a 3-month treatment. All *lanes* had equal protein loading, as demonstrated in the Ponceau-stained blot on the *right. C*, immunoblots further reveal that both pro-BDNF and mature BDNF increased above baseline levels in vehicle Tg gut. β-Actin is the loading control. *D*, BDNF mRNA levels also increased above levels present in vehicle-treated Tg colon (*n* = 19 mice); \*\*, *p* \< 0.01; \*\*\*, *p* \< 0.001. *Error bars*, S.E. for 6*A*, but not for REST 2009 analyses in 6*D*, as explained in Statistical Methods.](zbc0431653230006){#F6}

To assess this possibility, we collected colons to measure aSyn aggregation using sequential protein extraction. Ponceau staining confirmed equivalent protein loading ([Fig. 6](#F6){ref-type="fig"}*B*, *right*). As can be appreciated in [Fig. 6](#F6){ref-type="fig"}*B* (*left*), both HMW and low molecular weight (LMW) species of insoluble aSyn were seen in vehicle-treated Tg colon ([Fig. 6](#F6){ref-type="fig"}*B*, *lane 1*), similar to what we previously saw in untreated 4-month-old Tg gut ([Fig. 1](#F1){ref-type="fig"}*B*, *SDS/urea lane*). Curiously, HMW aSyn in ANA-12-treated Tg colon was markedly increased 14-fold above vehicle after a 3-month Trk-B blockade, suggesting that loss of BDNF signaling in the gut may accelerate ENS synucleinopathy. FTY720 + ANA-12-co-treated Tg mice had levels of HMW aSyn ([Fig. 6](#F6){ref-type="fig"}*B*, *lane 3*) much like those of vehicle-treated mice ([Fig. 6](#F6){ref-type="fig"}*B*, *lane 1*). In stark contrast, FTY720-treated Tg mice had almost no aggregated HMW aSyn present in the colon ([Fig. 6](#F6){ref-type="fig"}*B*, *lane 4*).

We then measured BDNF protein and mRNA in colons of the 4-month-old mice that had been treated for 3 months with vehicle, FTY720, ANA-12, or FTY720 + ANA-12 and saw that both pro-BDNF and mature BDNF protein were increased on immunoblots ([Fig. 6](#F6){ref-type="fig"}*C*). When normalized to β-actin, ANA-12 and FTY720 + ANA-12 treatments both increased pro-BDNF protein levels ∼2.5-fold, whereas FTY720 produced a larger 3.1-fold increase in pro-BDNF. Levels of BDNF mRNA were similarly increased above vehicle levels for mice given ANA-12, FTY720 + ANA-12, or FTY720 (∼2.4--2.5-fold) ([Fig. 6](#F6){ref-type="fig"}*D*), which is quite different from our findings in old A53T mice that showed no change in BDNF mRNA yet had significantly more mature BDNF and a decrease in miRNA206-3p, which was associated with a parallel increase in BDNF protein. The young A53T mice in our ANA-12 studies showed no changes in miR206-3p in any treatment condition (not shown).

Discussion
==========

Synucleinopathy is present early in the gut of many PD patients, leading some to propose that aSyn pathology might spread in a prion-like manner from gut to brain ([@B57], [@B58]), a concept still debated ([@B59]). Nonetheless, utilizing early pre-motor PD symptoms, such as anosmia, anxiety, depression, or constipation, in combination with small biopsies to measure aSyn pathology ([@B17][@B18][@B19], [@B21], [@B60]) could offer hope to identify patients at early PD stages when neuroprotective therapies may prevent the loss of nigrostriatal dopaminergic neurons. To this end, we undertook a long term preclinical study to measure FTY720 (fingolimod/Gilenya) effects on neuronal aSyn pathology and gut function in aging A53T Tg synucleinopathy mice. In mice up to 15 months of age, we also assessed FTY720 impact in the gut of WT littermate mice. We also confirmed that gut length was similar in all mice.

Neuroprotective strategies are highly sought for PD because they may act to slow or halt disease progression, especially if initiated before an extensive loss of nigrostriatal dopaminergic neurons ([@B61]). It has long been appreciated that levels of BDNF are reduced in PD brain and that BDNF is a key neurotrophin that enhances the survival of nigral dopaminergic neurons ([@B62][@B63][@B64]). Thus, one strategy to reduce neurodegeneration has focused on BDNF ([@B65][@B66][@B67]). Moreover, individuals who are homozygous for a G196A single nucleotide polymorphism in BDNF have delayed PD onset by ∼5 years ([@B68]). BDNF therapeutic approaches have included infusion of BDNF itself as well as delivery of BDNF by cell and/or viral methodologies. Although these strategies may work in preclinical models, such methods may be problematic in the clinic ([@B69]). Thus, it is timely to identify new therapies that can up-regulate *endogenous* BDNF expression ([@B70]), as we demonstrate here for FTY720.

We tested the preclinical efficacy of long term FTY720 in aging A53T synucleinopathy mice that develop progressive aSyn pathology ([@B40]). Using this model allowed us to show for the first time that 1) long term FTY720 can be well tolerated and significantly improve gut function ([Figs. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}); 2) FTY720 significantly reduces gut aSyn pathology even when given after the onset of synucleinopathy ([Figs. 4](#F4){ref-type="fig"} and [6](#F6){ref-type="fig"}); 3) FTY720 stimulates early and sustained up-regulation of BDNF ([Figs. 5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}), which in young mice increased both pro-BDNF and mature BDNF and in old mice increased mature BDNF in association with reduced miR206-3p ([Fig. 5](#F5){ref-type="fig"}); 4) blockade of Trk-B receptors in young A53T Tg mice significantly increased aSyn levels and aSyn aggregation in the gut; and 5) there is a huge loss of total TH immunoreactivity in neurons of the PNS containing aggregated aSyn ([Figs. 1](#F1){ref-type="fig"} and [4](#F4){ref-type="fig"}), similar to our prior findings in CNS dopaminergic neurons ([@B42]). Cumulatively, the data lead us to propose a model ([Fig. 7](#F7){ref-type="fig"}) in which FTY720 stimulates BDNF expression, which improves gut motility and reduces gut synucleinopathy in the ENS of young ([Fig. 6](#F6){ref-type="fig"}) and old synucleinopathy mice ([Fig. 5](#F5){ref-type="fig"}).

![**Hypothetical model of FTY720-mediated stimulation of BDNF related effects on gut function and synucleinopathy.** Synucleinopathy in the ENS is hypothesized to contribute to poor gut motility. Oral FTY720/fingolimod stimulates the expression of gut BDNF, which improves gut motility and reduces ENS aSyn aggregation in young and old A53T Tg synucleinopathy mice. Blocking BDNF signaling also contributes to synucleinopathy. FTY720 may help to reverse this.](zbc0431653230007){#F7}

Because both young and old Tg mice had improved gut function as well as reduced aSyn pathology after FTY720, the effects probably occur in response to mature BDNF, as demonstrated previously *in vitro* and *in vivo* ([@B26], [@B29][@B30][@B36]). It is intriguing that ANA-12 alone or in combination with FTY720 also stimulated an increase in BDNF protein and mRNA in mice, perhaps as an attempt to restore Trk-B signaling in the gut when signaling was blocked by ANA-12. Pro-BDNF, which acts through p75^NTR^ receptors, may also have contributed to normal fecal water content seen in A53T mice co-treated with FTY720 + ANA-12. It is known that pro-BDNF is more abundant in young mice, where it is secreted from neurons and signals through p75^NTR^ receptors, which contrasts with adult mice that normally have higher levels of mature BDNF ([@B71]), a finding corroborated here. It is accepted that p75^NTR^ receptor activity is not affected by ANA-12. However, pro-BDNF can be converted to mature BDNF, which may also have contributed to the increases in mature BDNF noted.

Additionally, there is evidence that brain BDNF levels can be increased by treating mice with the toxin MPTP ([@B72]). Moreover, paraquat or MPTP treatments increase aSyn protein levels and aSyn aggregation in the CNS of mice ([@B73], [@B74]), raising the possibility that ANA-12 may have induced oxidative stress in neurons in response to long term Trk-B receptor blockade. Finally, miRNAs are thought to play a role in age-associated neurodegeneration ([@B75]), and we saw changes in miR206-3p only in aged A53T Tg mice.

In sum, our translational studies of FTY720 (fingolimod/Gilenya) suggest that this widely used multiple sclerosis drug may have the potential to improve the quality of life for patients with PD and other synucleinopathies, such as multiple system atrophy ([@B76], [@B77]). Because the drug is already approved by the Food and Drug Administration, it could be rapidly tested for the ability to provide relief from the complications of synucleinopathy and related neurodegeneration.

Experimental Procedures
=======================

Mice
----

A53T aSyn (B6;C3-Tg-Prnp/SNCA\*A53T/83Vle/J; Jackson Laboratories, Bar Harbor, ME) mice were used to generate our cohort of mice from A53T heterozygous breeders, which produced both WT and Tg mice. The Tg mice included heterozygous and homozygous offspring that overexpress one or two copies of A53T mutant human aSyn. Genotyping was performed as per Jackson Laboratories protocols. Mice were housed in barrier cages on ventilated racks in temperature and humidity-controlled rooms on 12-h light/dark cycles. Food and water were available *ad libitum*, except as noted below for particular experiments. Ethical treatment of animals followed AALAC, ARRIVE, and NIH guidelines performed on protocols approved by the Texas Tech University Health Sciences Center institutional animal care and use committee. A53T mice (*n* = 112) were randomly assigned to groups with data assessed by experimenters blinded to treatment conditions.

Drug/Voluntary Oral Dosing
--------------------------

FTY720 (LC Laboratories, Woburn, MA) dissolved in 200 proof EtOH (vehicle) at a concentration of 29 m[m]{.smallcaps} was stored at −20 °C. Mice received FTY720 (0.5 mg/kg/mouse) or an equivalent amount of EtOH vehicle twice weekly by voluntary oral dosing using a modification of the jelly method ([@B78]) as described. Tablets were prepared from pulverized bacon softies (2.0 g; Bio-Serv, Flemington, NJ) and mouse chow (1.0 g; Harlan 8640 Teklad 22/5 rodent diet) mixed with 0.5 g of Splenda® in 2.0 ml of sterile MilliQ water to form a uniform paste. The paste was rolled to a uniform 0.2-cm thickness between sheets of plastic wrap. Tablets (0.5-cm diameter) were formed using a plastic transfer pipette cut 8 cm below the pipette neck (VWR, 414004-004, Westchester, PA) as a "cookie cutter." Fresh tablets were prepared weekly. Mice in home cages were individually pretrained to eat an entire tablet in 1 min or less. Mice were food-restricted overnight to ensure ingestion of full tablets. Before each dose, mice were weighed, and tablets in 24-well tissue culture plates were inoculated with the correct volume of FTY720 or vehicle for each mouse.

For ANA-12 (Sigma-Aldrich), littermate mice received daily oral dosing of ANA-12 dissolved in DMSO (0.5 mg/kg/mouse) mixed with 10 μl of sesame oil and delivered by pipette. FTY720 (0.5 mg/kg/mouse), alone or in combination with ANA-12, was dissolved in DMSO and given twice weekly in sesame oil as described above. ANA-12 experiments included the following treatment groups: vehicle (*n* = 4), FTY720 (*n* = 4), ANA-12 (*n* = 3), or FTY720 + ANA-12 (*n* = 7).

Behavioral Assessment
---------------------

Mice were tested in clean quiet rooms in the Texas Tech University Health Sciences Center Laboratory Animal Resources Center facility a minimum of 2--3 times on separate occasions. We confirmed equivalent water intake in all mice.

### 

#### Fecal Water Content

When food moves through the gut slowly, the colon absorbs more water, and consequently feces become dry and hard. Water content in feces was measured in 1--22-month-old mice, using methods described by Taylor *et al.* ([@B79]), with total stool collected in the afternoon from individual mice placed in clean cages for 1 h. Feces were immediately transferred to 1.5-ml Eppendorf tubes that were labeled, capped, and then weighed. Tubes were opened to allow desiccation of the contents on a heat block set to 65 °C overnight. Tubes were weighed again, and water content was calculated by computing the difference between wet and dry weight.

#### Colonic Motility

Colonic motility was measured in 15--22-month-old Tg mice using the bead expulsion test ([@B80]). Briefly, a glass bead (3 mm; Sigma-Aldrich, Z143928-1EA) was gently pushed 2.0 cm into the colon using the smooth end of a plastic inoculating loop (Nunc, 253287). The total time from bead insertion to bead ejection was recorded for each mouse.

#### Whole Gut Transit Time

Whole gut transit time was performed in 15--22-month-old Tg mice essentially as described by Kuo *et al.* ([@B80]). Briefly, transit time was assessed in mice after oral gavage of a 0.2-ml volume of 6% (w/v) carmine red dye in 0.5% methylcellulose (Sigma-Aldrich). Postgavage, the mice were observed for up to 9 h until the time of excretion of the first red stool, which was recorded for each mouse. Mice that had not passed red stool by 9 h were scored as \>9 h.

Tissue Collection and Preparation
---------------------------------

Mice were euthanized by CO~2~ inhalation followed by decapitation. The gut was flushed of fecal contents, bisected along the longitudinal axis, and divided into samples for immunohistochemistry, biochemistry, and molecular biology. For immunohistochemistry, gut was pinned flat in Sylgard-coated Petri dishes with the lumen facing up, and tissue was fixed for 2--18 h in 4% formaldehyde/sucrose and then washed 3 times in PBS. For gut whole mounts, intestinal segments were dissected and trimmed into 1.5-cm cylinders and then fixed and processed using a modification of the method of Li *et al.* ([@B81]). For longitudinal muscle of the myenteric plexus, the villi and fatty gut tissues were gently scraped away under a dissecting microscope as described previously ([@B40]). Tissue for protein extraction was rapidly frozen on dry ice and then stored at −80 °C until use. Tissues for RNA extraction were preserved in RNALater solution (AM7021, Ambion, Thermo Fisher) as per the manufacturer\'s instructions. Before RNA extraction, tissues were frozen on liquid nitrogen and then crushed, with miRNA extraction performed immediately as described below. To measure gut length in 15-month-old littermates (*n* = 6), whole gut was cut from the base of the stomach to the anus. The entire gut was then carefully extended along a ruler, and the length in cm was documented.

Sequential Protein Extraction
-----------------------------

Protein extraction from colon was performed using the method of Waxman and Giasson ([@B82]) as detailed by Wu *et al.* ([@B49]). This method does not isolate particular cellular or subcellular fractions but rather isolates soluble and insoluble proteins using a series of buffers and re-extraction of pellets performed using ultracentrifugation.

Immunohistochemistry
--------------------

### 

#### Gut

Gut tissues were immunolabeled for confocal microscopy using established methods and the Olympus FluoView 1000 system as before ([@B40]).

#### Antibodies and/Proteinase K Treatment

Immunohistochemistry was done on free floating sections with antibodies for aSyn (C20, sc-7011-R, Santa Cruz Biotechnology, Inc.) and phosphorylated aSyn Ser(P)-129 (SAB4503996, Sigma/Aldrich). For visualization of protein aggregates, tissue was first treated with proteinase K to digest soluble proteins as described previously ([@B42]). After washing and blocking tissues, gut sections were incubated for 18--24 h at 4 °C with aSyn antibody (1:100; sc-7011-R, Santa Cruz Biotechnology) followed by washes and incubation in goat anti-rabbit Alexa-546 (A-11035, Invitrogen). Some aSyn-labeled tissues were also labeled with an antibody for TH (chicken anti-TH, 1:200--1:250; Aves Laboratories, Tigard, OR).

Quantification of Gut aSyn Ser(P)-129
-------------------------------------

Confocal *z*-stack images of 5 random fields/colon were collected from tissues immunostained for aSyn Ser(P)-129 in a subset of mice treated with vehicle or FTY720 for at least a year (*n* = 10). Particles \>2 μm in diameter were counted on 85-μm^2^ fields of duodenal tissue evaluated using ImageJ ([@B83]) followed by manual analyses.

Immunoblots
-----------

Proteins (50 μg) were separated by SDS-PAGE, transferred to nitrocellulose, blocked, and then incubated in primary antibody overnight at 4 °C. Antibodies included total aSyn (sc-7011-R, Santa Cruz Biotechnology), aSyn Ser(P)-129 (11A5, gift of Elan Pharmaceuticals), BDNF (N20, sc-546, Santa Cruz Biotechnology), and β-actin (4970, Cell Signaling, Danvers, MA). All blots were imaged and quantified using the LI-COR Odyssey and/or ImageQuant software as described previously ([@B40], [@B84]).

Gene Expression
---------------

Total mRNA and miRNA were extracted from mouse gut tissue and MN9D cells using the miRNeasy minikit (Qiagen, catalog no. 217004) and RNase-free DNase kit (Qiagen, catalog no. 79254) according to the manufacturer. Retrotranscription of mRNAs and mature miRNAs was performed using the High Capacity RNA-to-cDNA kit (Applied Biosystems, catalog no. 4387406) and miScript II RT Kit (Qiagen, catalog no. 218160), respectively, as per the manufacturer\'s instructions. RNA concentration and purity was assessed by NanoDrop 2000 spectrophotometry (Fisher). RNA integrity and genomic DNA contamination were assessed using 28S/18S band ratios from RNA "bleach" gels exactly as described ([@B85]). Amplification was measured using quantitative real-time PCR in a RealPlex Mastercycler 2 instrument (Eppendorf Inc., Westbury, NY). Relative expression of mRNAs was measured using Taqman probe assays (Life Technologies, Inc.) for BDNF (catalog no. Mm04230607_s1) with GAPDH (catalog no. Mm99999915_g1) as an internal expression control. Relative expression of miR206-3p was measured using the mature miR206-3p miScript primer assay (catalog no. MS00001869) with miScript SNORD72 (catalog no. MS00033719) and SNORD95 (catalog no. MS00033726) primer assays as internal expression controls and miScript miRTC (catalog no. MS00000001) primer assays as internal retrotranscription controls (Qiagen).

MN9D Cells
----------

Cells were grown using established methods ([@B46], [@B48], [@B84], [@B86]) and treated with vehicle or 160 n[m]{.smallcaps} FTY720 for 24 h as described previously ([@B26]). Afterward, cells were collected and processed for microRNA assessment as described above.

Statistics
----------

Independent-sample *t* tests, ANOVA by Kruskal-Wallis, and Dunn\'s multiple comparisons tests were performed using Prism 6 (GraphPad Software Inc., San Diego, CA), with significance set to *p* \< 0.05. BDNF mRNA and miR206-3p expression were calculated using the comparative *Ct* method (2^−ΔΔ^*^Ct^*) and relative expression software tool (REST) that is available online ([@B87]). Molecular and biochemical assays from 2--3 independent experiments were performed in duplicate or triplicate. Data represent means ± S.E., except for miR206-3p and BDNF whisker box plots generated using REST 2009 software, which demonstrate the median (*white dashed line* in *boxes*), interquartile ranges 1 and 3 (*top* and *bottom edges* of *boxes*), and maximum and minimum expression values (*top* and *bottom whiskers*).
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